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Abstract: The variation of stable isotope ratios in natural waters provides valuable information that 
can be used to trace water movement. Evaporation plays a crucial role in determining the variation 
of stable isotopes. In this paper, several evaporation experiments were conducted in order to study 
the stable isotopic fractionation mechanism of water and analyze the influence of different 
temperatures on evaporation fractionation. Three group experiments of water evaporation under 
different temperatures and initial isotopic values were carried out. The results show that 
fractionation factors of hydrogen and oxygen may increase with temperature, and the average 
enrichment degree of hydrogen isotope D is 3.432 times that of oxygen isotope . The results 
also show that the isotopic composition of the initial water has little influence on water evaporation 
fractionation, which is mainly affected by the state variables in the evaporation process, such as 
temperature. This research provides experimental data for further understanding the evaporation 
fractionation mechanism. 
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1 Introduction 
Stable isotopes of oxygen and hydrogen are commonly used as hydrological tracers due to 
their properties of mass conservation and measurable variability in water budget components 
(Wen 2002). As fingerprints of water, the stable isotopic species D and  respond greatly to 
environmental changes (Gat 1996; Gibson et al. 2005; Lee et al. 2007). Evaporation plays a 
crucial role in determining isotopic ratios of the subsequent processes of precipitation and 
runoff. The isotopic composition of water in rivers, lakes, and soil may change in the course of 
the water’s transformation into different states, owing to evaporation fractionation. The 
variation of hydrogen and oxygen isotopes in surface water and atmospheric vapor is caused by 
stable isotopic fractionation during phase changes (Zhang et al. 2005; Gremillion and 
Wanielista 2000). The light isotopic species of water, , has a higher vapor pressure and 
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diffusivity than the heavy species,  and HDO, and is removed from the water surface 
in greater proportion during evaporation (Tian et al. 2000; Cappa et al. 2003). The remaining 
water thereby becomes enriched with the heavy isotopic species.  
18
2H O
With the improvements in mass spectrometric techniques, it is possible to accurately 
measure stable isotopic components of water samples. The value of stable isotopic content can 
be expressed by isotope abundance (į) , which represents the relative deviation from the 
adopted standard representing mean isotopic composition of the global ocean (Qu et al. 2006): 
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where  and  are the isotope ratios of the general water sample and the standard 
water sample, respectively.  
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The original model describing stable isotopic fractionation was developed by Lord 
Rayleigh for the case of fractional distillation of mixed liquids. The Rayleigh model is used for 
systems in which the isotopic species removed at each moment are thermodynamic and 
isotopic equilibrium with those remaining in the system (Gat et al. 2001). Under Rayleigh 
equilibrium conditions, stable isotopic ratios of remaining water increase exponentially as the 
remaining water proportion decreases. Craig and Gordon (1965) argued that after the primary 
equilibrium fractionation, further fractionation should occur, and they suggested a model for 
isotope fractionation during non-equilibrium evaporation. Gonfiantini (1986) summarized the 
arguments of Graig and Gordon, ascribing the further depletion to kinetic effects during 
molecular diffusion within the boundary layer between the water-air interface and the fully 
turbulent region. In that boundary layer, diffusion predominates because of slow atmospheric 
transport (Merlivat 1978).  
In this study, three group water evaporation experiments under different temperatures and 
initial isotope ratios of liquid were conducted, and the stable isotopic fractionation mechanisms 
of waters were further investigated. The experiments generated some basic data which would 
be helpful in understanding the basic law of evaporation fractionation and could provide a basis 
for better use of isotope technology in hydrology. 
2 Water evaporation experiments under different temperatures 
2.1 Experimental introduction 
Three group water evaporation experiments with different initial isotopic values were 
conducted at the State Key Laboratory of Hydrology-Water Resources and Hydraulic 
Engineering, Hohai University, China. There were five evaporation pans in each group, and the 
evaporation pans were cylindrical, with heights and diameters of 35 cm. Each group 
evaporation experiment lasted two days. The five evaporation pans in each group of 
experiments were illuminated by an incandescent lamp, and their respective surface 
temperatures were controlled at 20ć, 30ć, 40ć, 50ć, and 60 . The surface temperature ć
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could be adjusted according to the power of the incandescent lamp, as shown in Fig. 1. The 
isotopic values of initial water in each group of experiments are listed in Table 1. The first 
group experiment was followed by two days of evaporation, after which the isotopic 
fractionation degrees of these five evaporation pans were different, owing to the difference in 
their surface temperatures. The second and the third group evaporation experiments were 
conducted in turn.  
 
Fig. 1 Schematic diagram of evaporation pan device 
Table 1 Isotopic values of initial water in each group experiment 
Group 18( O)G ‰) (D)G (‰) 
1 í7.8 í57.5 
2 í2.2 í31.3 
3  3.4 í14.7 
Evaporation pans were placed a certain distance from each other in order to prevent them 
from influencing each other during the evaporation process. Observation of the evaporation 
capacity was conducted at intervals. Since each group of experiments lasted only two days, the 
temperature and relative humidity in the laboratory were nearly constant during the 
experimental process, therefore, the influence of external circumstances were eliminated. In 
addition, the temperature and relative humidity of each evaporation pan were recorded.  
2.2 Sampling method 
The isotopic samplings are supposed to be taken along a vertical line in the water in order 
to consider the isotopic stratification effects. However, it is difficult to acquire average samples 
of the evaporated water along a vertical line. We designed a new method. As shown in Fig. 2, a 
small insulated glass pipe with an open top is vertically inserted into the evaporation pan. Thus, 
the pipe is filled with water including all layers. At that time, we envelop the top of the glass 
pipe that appears over the water surface. The water remains in the pipe due to the air pressure. 
Then, the glass pipe is taken out carefully, and the pipe water is poured into the sampling bottle. 
Repeat this process two or three times until the sampling bottles are full.  
The method described above is very simple and convenient. It can be used to collect 
average water samples along a vertical line, avoiding cutting several holes on the marginal wall 
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of the evaporation pans. Considering the spatial representation of the samples, the manipulation 
of sampling should be conducted both in the marginal and at the center of the evaporated water 
each time. Then, the collected samples are sealed and kept away from direct sunlight and heat 
sources in order to prevent evaporation loss. All samples are taken to the Stable Isotope 
Laboratory at the Institute of Geology and Geophysics of the Chinese Academy of Sciences for 
analysis of oxygen and hydrogen stable isotopes. Oxygen samples are prepared using the 
 equilibration method. Deuterium samples are prepared using the 
equilibration method with a Zn catalyst. The samples are measured with a mass 
spectrograph and the analytical uncertainties are approximately ±0.1‰ for  and ±1‰ 
for 
2
2CO -H O
18
2 2H -H O
18( O)G
(D)G .  
Fig. 2 Schematic diagram of sampling method 
3 Results and discussion 
3.1 Relationship between variation of stable isotopic values          
and temperature  
In the experiment process, the main factor in evaporation is temperature, since the ambient 
relative humidity is comparatively stable. Fig. 3 presents the relationship between the variation 
of  and 18( O)G (D)G  in the remaining water and the temperature. The variations were 
represented by  and18ǻ ( O)G ǻ (D)G , respectively. It shows that  and 18ǻ ( O)G ǻ (D)G  are 
proportional to the temperature. The higher the temperature is, the greater the variation. 
Moreover, when the temperature is constant, the value of ǻ (D)G  is larger than that of 
, which indicates D is more sensitive to the change of temperature than . 18ǻ ( O)G 18 O
Fig. 3 Variation of  and  in remaining water under different temperatures  18( O)G (D)G
The difference in the vapor pressures of  and HDO causes disproportional 
enrichment in the water phase during evaporation. This difference accounts for D enrichment in 
18
2H O
 Hai-ying HU et al. Water Science and Engineering, Jun. 2009, Vol. 2, No. 2, 11-18 15 
water, which is roughly eight times greater than  enrichment under equilibrium conditions. 
In the actual evaporation process, the enrichment times are different owing to the influence of 
the kinetic factor under non-equilibrium conditions. Fig. 4 shows that the variation of 
18 O
(D)G  is 
greater than that of  in the remaining water in the same evaporation pan under the same 
temperature. The regression equation of 
18( O)G
ǻ (D)G  and  in the three group evaporation 
experiments is  with the correlation coefficient ( ) of 0.845; 
therefore the average enrichment degree of D is about 3.432 times that of . 
18ǻ ( O)G
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Fig. 4 Relationship of variations of  and  in remaining water 18( O)G (D)G
3.2 Relationship between the isotopic content in remaining water and 
evaporation capacity 
Three group experiments were carried out. Fig. 5 shows that the isotopic abundances in 
remaining water are proportional to the evaporation capacity in the evaporation experiment. In 
each group experiment, the higher the temperature is, the greater the evaporation capacity, and 
thus the larger the isotopic enrichment degree in remaining water. Moreover, it can be seen 
from Fig. 5 that the enrichment degree of isotope D is greater than that of  under the same 
conditions. In addition, at a specific evaporation capacity, the variation of isotopic composition 
in the remaining water will change if the isotopic composition of the initial water changes. 
However, the difference is very small, which can be seen from the slopes of the lines. Therefore, 
this shows that the isotopic composition of the initial water has little influence on water 
evaporation fractionation, which is mainly affected by the state variables in the evaporation 
process, such as temperature. 
18 O
Fig. 5 Relationship between isotopic abundances in remaining water and evaporation capacity 
3.3 Analysis of relationship between temperature and       
fractionation factors 
(1) Definition of fractionation factor:  
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The fractionation factor ( D ) is an important index that reflects the evaporation 
fractionation degree between the liquid and gaseous phase. It is defined as the ratio of the 
isotope ratios of evaporating water and remaining water in the calculation interval, which can 
be described as 
E
W
R
R
D                                  (2) 
where ER  is the isotope ratios of evaporating water, and WR  is the isotope ratios of 
remaining water. The isotope ratios are expressed as 
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where  is the isotope ratio of hydrogen,  is the isotope ratio of oxygen, and 
, , , and  are the molecular concentrations of , , 
, and , respectively. 
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(2) Relationship between temperature and fractionation factors: 
Fractionation factors of different isotopic species reflect the change of circumstances 
(Horita and Wesolowski 1994; Hu et al. 2007). In the experiments, the isotopic fractionation 
factors were mainly affected by the temperature. The stable isotopic fractionation factors were 
calculated, and the relationships between the temperature and the fractionation factors of the 
stable isotopes in the three group evaporation experiments are described in Fig. 6. The 
fractionation factors increase proportionally with temperature.  
 
Fig. 6 Relationship between temperature and fractionation factors in each group experiment 
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4 Conclusions  
Evaporation is a water cycle process with particular bearing on the variation of stable 
isotopes in natural waters. In this study, the relationships between evaporation fractionation 
factors of stable isotopes and meteorological factors were analyzed with indoor water 
evaporation experiments under different temperatures. The results indicate that the isotopic 
fractionation factors at the water-vapor interface are directly proportional to the temperature. 
Moreover, the average enrichment degree of the hydrogen isotope (D) in the evaporation 
fractionation process is 3.432 times that of the oxygen isotope ( 18 ), which indicates that D is 
more sensitive to the change in the environment. The isotopic composition of the initial water 
is also shown to have little influence on water evaporation fractionation, which is mainly 
affected by the state variables in the evaporation process, such as temperature. This research 
provides credible experimental data for further understanding the evaporation fractionation 
mechanism. 
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